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Introduction
At scales ranging from organ to ecosystem, many processes, particularly those related to carbon cycling (productivity and growth), water (evapotranspiration and runoff), and nutrients (decomposition and mineralization), are directly mediated by phenology (Gu et al. 2003) . Spring bud burst provides a particularly good example, as it involves various interactions between trees and the environment. The initiation of this phenological phase depends on early spring air and soil temperatures (Menzel 2000 , Lupi et al. 2012 as well as other environmental attributes such as photoperiod (Wareing 1953 , Basler & Körner 2012 , precipitation and tree health. In turn, the seasonal cycle of leaf development determines many crucial aspects of forest canopy function, including photosynthetic uptake, radia-tion extinction, rainfall interception, and evapotranspiration (Bonan 1993 , Saigusa et al. 2002 . Foliage development, assessed at the stand level in terms of the leaf area index (LAI), typically increases rapidly in western European deciduous forests, from early May to mid-July, with the maximum around mid-July (Mussche et al. 2001) . LAI affects the transmittance of photosynthetically active radiation (PAR) to the understory. Additionally, leaf development yields increases in transpiration (Střelcová et al. 2006) .
Tree phenology is dependent on the plant's storage and consumption of carbohydrates (Michelot et al. 2012) . These are stored in all organs (i.e., leaves, branches, roots, and stems) in different concentrations, which can vary during the growing season based on the relative rates of production and use (Scartazza et al. 2013) . New photoassimilates trans-ported in phloem sap may be used for radial growth, with leaf phenology (i.e., budburst, leaf development and yellowing) thus influencing intra-annual wood formation (Čufar et al. 2008 , Sass-Klaassen et al. 2011 . The time lags between leaf and xylem growth phenologies vary among species, leading to differences in relative carbon allocation. In deciduous species, budburst generally occurs following radial growth for ring-porous species, whereas for diffuse-porous species, cambial division and consequent radial growth are initiated at almost the same time as budburst (Suzuki et al. 1996 , Schmitt et al. 2000 , Čufar et al. 2008 ). Nevertheless, even in diffuse-porous species, onset of cambial activity is sustained to a large degree by carbon accumulated in storage pools (Dietze et al. 2014) .
Given sufficient soil water and based on atmospheric evaporative demand, maximal transpiration rates occur when trees have full foliage (Meier & Leuschner 2008) . However, numerous laboratory experiments on herbaceous plants and tree seedlings or saplings have shown that leaf coloring and leaf area reduction (i.e., events marking onset of particular phenological stages) are common responses to soil water shortage (Löf & Welander 2000) . Loss of leaves results in a decrease of the transpiring surface area, avoiding a severe reduction of cell water potential and turgor (Hinckley et al. 1981 , Kozlowski & Pallardy 1997 . These interactions between leaf phenology and ecophysiology provide just one example of their mutual interplay, requiring multiple ap-proaches to account for all of these processes (Michelot et al. 2012 ). However, although many authors have investigated the effects of particular phenomena, such as microclimate, genotype or tree health, on the phenological progress (Peuke et al. 2002 , Bequet et al. 2011 , studies explicitly examining the interrelationships between environmental conditions, ecophysiology, and tree phenology are still scarce.
In the present study, we closely investigated the aforementioned relationships by assessing the correlation between phenology and multiple measurements of microclimate, soil characteristics, and tree development. We employed European beech (Fagus sylvatica) as a study species because it occurs in a broad range of soil-chemical, hydrological, and climatic conditions, including highly acidic to basic soils (Leuschner et al. 2006 , Meier & Leuschner 2008 , low to high rainfall regimes, and low to high altitudinal zones (Prislan et al. 2011) . Moreover, beech exhibits a number of physiological and morphological traits that characterize this species as relatively drought-sensitive (Backes & Leuschner 2000 , Granier et al. 2007 , which should make responses to water availability relatively apparent.
At the study site, a beech stand in the Czech Republic, we recorded detailed phenological observations, canopy PAR transmittance, sap flow, stem increments, xylogenesis, and environmental conditions including air and soil temperature, precipitation, and soil water potential, during all the phenological phases in the 2012 growing season. The first aim of this study was to test the degree to which physiological processes are synchronized with each other and also related to phenological stages (especially in early spring), and particularly whether the beginning of cambial activity occurs simultaneously with budburst and sap flow onset. The second aim was to identify the extent to which continuous instrumental measurements of ecophysiological parameters be used instead or in support of regular phenological observations.
Materials and methods

Meteorological measurements
A meteorological station with a Minikin thermometer within a radiation shelter, global radiation sensor, PAR sensor, and precipitation gauge (EMS Brno, Czech Republic) was situated in a meadow 300 m apart from the experimental plot. Meteorological variables were measured every minute and stored as 10-min averages. At the experimental plot, soil water potential (SWP) was measured at replicates at a depth of 20 cm using gypsum blocks (Delmhorst Inc., USA; data logger MicroLog SP, EMS Brno, Czech Republic) and stored every hour. Soil temperature was measured by a Pt 100 sensors at 20 cm depth, and stored every hour (data shown in Fig. 1 ). Reference evapotranspiration for the grass surface (ETo) was calculated from available meteorological data using the Food and Agriculture Organization of the United Nations (FAO) approach (Allen et al. 1998 ). Sums of the effective air temperatures were calculated as the sum of day means above the threshold value of 5 °C (Tab. 1).
Research site and sample trees
The experimental stand was a permanent plot located in forest stand 512D2 of the Czech Republic (49° 26′ 29.946″ N, 16° 42′ 06.237″ E, altitude 600 m a.s.l.). The longterm mean air temperature and annual precipitation for the period 1960-1990 were 6.6°C and 683 mm, respectively. Annual precipitation in the study year (2012) was 518 mm, and the mean air temperature was 7.9°C
. The study site was classified according to the Czech forest type classification (Viewegh et al. 2003) as type 5S1 -Abieto-Fagetum mesotrophicum, while the soil was classified as cambisol oligotrophic. The stand was 45 years old, even-aged and composed entirely of European beech. The total stem basal area, as calculated from the diameter at breast height (DBH) of stems, was 38 m 2 ha -1 . Ten sample trees were selected for the phenological observations. Six of them, with DBH from 16 to 25 cm, were chosen for detailed ecophysiological measurements of sap flow, xylem formation and stem diameter increments. Three of the selected trees were co-dominant (DBH 16.2, 18.9 and 20.0 cm) while the remaining three were dominant (diameters 24.0, 24.7 and 25.3 cm).
Phenological observations
Phenological observations were done using the methods of the Czech Hydro-Meteorological Institute (1987 ( , Hájková et al. 2012 . Phenological stages were monitored at ten sample beech trees (five dominant and five co-dominant trees) and subsequently scaledup from the tree to the stand level. Individual phenological stages were estimated visually every two days (every day whenever necessary during the spring), and once a week for the rest of the growing season. For each tree, the following phenological stages were recorded (Hájková et al. 2012 ): (i) "10% bud break", 10%, 50%, and 100% (denoted as "10%, 50% and 100%" "first leaves", respectively) of leaves partially unfolded (midrib visible); (ii) full foliation (all leaves completely unfolded); (iii) summer coloring (in mid-summer, multiple stipules in various parts of the crown start turning yellow); (iv) 10%, 50%, and 100% of leaves showing autumn coloring (denoted as "10%, 50% and 100%" "leaves colored", respectively); and (v) leaf fall 10%, 50%, and 100%. The ordinal day number from the beginning of the calendar year (DOY) was recorded for the onset of each particular phenological stage for each sampled tree. The onset of each stage was determined at the stand level as the mean date of the sample trees (n=10) ± standard deviation. The DOY of onset of each stages was tested for differences between the dominant and co-dominant trees by repeated measure ANOVA (α = 0.05). To place the observed phenology of the study year into a broader perspective, our data from 2012 were compared with long-term observations of the same set of trees (Bednářová et al. 2010, unpublished data) .
Sap flow measurements
Sap flow was measured on the stem of six of the sample trees, using the trunk heat balance technique (Čermák et al. 1973 (Čermák et al. , 2004 (Čermák et al. , Kučera et al. 1977 ) by means of the EMS51 heat balance system (EMS Brno, Czech Republic). The temperature difference between the heated and the reference part of the stem was fixed at 2K. Measuring points were installed on the north side of each stem (one per tree) and covered with reflective radiation shields. Measurements were taken from March 28 th until November 3 rd , 2012. Data were obtained every minute and 10-minute averages were stored in the data logger. Upscaling of sap flow from individual trees to the forest stand was based on the regression between tree diameter and corresponding sap flow (Čermák et al. 2004) . Before the upscaling, breast height diameters of all trees were measured and trees were divided into diameter classes with two centimeter resolution. Each of the classes was then considered as having the midpoint value of its diameter range (e.g., 14 cm, for the 13-15 cm class) and the number of trees in each class was counted. The dependence of total sap flow on stem diameter was calculated for the entire period of field measurements (March 28 th to November 3 rd ) using a least-squares regression. The resulting equation was of the form (eqn. 1):
[kg tree -1 h -1 , R 2 = 0.42, n = 6], where QDBH is the sap flow (in kg tree -1 h -1 ) of a tree of given breast height diameter class, and DBH is the diameter class of the tree (in cm).
In order to obtain the sap flow of the entire stand (Qstand), tree sap flow values calculated per individual diameter classes were multiplied by the number of trees in the class per unit of ground area and then summed. The non-dimensional coefficient S was then obtained by dividing the sap flow of all trees in the stand by the sap flow of the trees for which it was directly measured (eqn. 2):
The use of this coefficient allowed to estimate (in kg m -2 h -1 ) the instantaneous values (i.e., diurnal courses) of sap flow (Qtotal) based on the actual transpiration of sample trees (Qsample), using the relationship (eqn. 3):
The resulting value was compared directly to the ETo.
To assess both differences in flow between dominant and co-dominant trees and changes over the course of the growing season, we compared the average sap flow (kg h -1 cm of circumference -1 ) of each tree to the overall mean sap flow value in the six trees subjected to sap flow measurement for each month over the period May-September. A two-way repeated measures ANOVA, with α = 0.05 and tree status (dominant or co-dominant) and month as factors was used to test for significance.
Stem diameter changes and phenology of xylem formation
Stem diameter changes were measured at breast height of five of the sample trees using automatic band dendrometers (DR26, EMS Brno, Czech Republic). Data were stored in a data logger with a 10-min resolution. Measurements were taken from March 28 th until November 3 rd , 2012.
Tissue samples for xylogenesis were collected using a Trephor tool (Rossi et al. 2006 ) at weekly intervals, from the end of March to the beginning of November 2011. The microcores (1.8 mm in diameter) were taken at breast height around the stem perimeter, such that they contained phloem, cambium and xylem of the developing tree ring. Immediately after sampling, the microcores were immersed in FAA (formalin-alcohol-acetic acid) where they were kept for a week, and then stored in 30% ethanol. Microcores were dehydrated in an alcohol series (70%, 70%, 90%, 95%, 100%, and 100%), then cleaned in xylene. The actual paraffin infiltration of microcores was carried out in a laboratory drying oven at 60 °C for 4 hours. Paraffin was poured by means of a dispenser, and the microcores were put into histological cases to be mounted in the microtome. A rotation microtome was then used to make 12-µm-thick cross-sections, that were dried in an oven at 60°C for 30 minutes. Further steps comprised removal of the paraffin with xylene, dehydration using ethanol and staining of the sections by safranin and astra blue. The sections were then mounted in Canada balsam.
Tab. 1 -Dates of phenological stages. (DOY): days of the year ± standard deviation (where applicable). Long-term averages cover the period 1991-2012 at the same site (Bednářová et al. 2010, unpublished data 
A microscope with an attached digital camera was used to photograph the microsections. The cross-sections were used to identify cambial cells (CC), postcambial cells (PC), wood cells in the secondary cell wall deposition phase (SW), and mature wood cells (MT). The CC zone was identified based on the thin cell wall and small radial dimension of the cell. In the PC phase, the cells still had thin cell walls, the lumina included protoplast, and the radial dimensions were at least twice those of CC. Use of po-larized light allowed to distinguish cells in the SW phase from those in the PC phase, as during the SW phase cellulose microfibrils are deposited in the cell walls, and glisten in the polarized light. The lignification process was detected based on cell wall color change. Non-lignified cells were dyed blue with astra blue solution, whereas safranin solution dyed cells red due to its reaction with lignin. Cells of MT had red-stained cell walls and empty lumina without protoplasts. Measures of wood radial increments were taken using the free software package IMAGEJ ® (National Institutes of Health, USA).
PAR transmittance of the canopy
Overall, 12 PAR sensors (EMS12, EMS Brno, Czech Republic) were placed in a regular array (three rows, 4 meters apart) under the canopy of the experimental plot, 60 cm above the ground. Measurements were taken from March 28 th until November 3 rd , 2012. Data were obtained each minute and stored in the data logger as 10-minute averages. Ambient PAR was obtained from the PAR sensor (EMS 12, EMS Brno, Czech Republic) at the meteorological station. PAR transmittance was calculated as the ratio of the mean understory PAR to ambient PAR. The relationship between PAR transmittance and sap flow per unit ground area (ET, mm day -1 ) standardized to evaporation demands of the atmosphere (ETo, mm day -1 ) was determined using the equation (eqn. 4):
where a and b are coefficients estimated by least-squares regression. Analysis was performed separately for the spring (DOY 117-125) and autumn (DOY 245-305) periods using the least-squares regression method.
Results
Phenology
The beginning of bud break occurred on DOY 117 of 2012 (Tab. 1). Soil temperature increased that day to 6 °C and the sum of air temperatures above 5 °C accumulated to 98°C . The first leaves 50% stage occurred on DOY 119. First leaves 100% occurred on DOY 122. Full foliation was attained on DOY 131. No significant differences were found in spring phenology between dominant and co-dominant trees (p = 1, 0.35 and 0.68 for bud break, first leaves 50% and first leaves 100%, respectively). The first autumn phenological phase, summer coloring of stipules, occurred at the end of July, on DOY 212.
PAR transmittance
PAR transmittance ranged from 1.5% of ambient illumination, when the foliage was fully developed, to about 33%, when shading was due only to bare branches (Fig. 2) . Spring was characterized by rapid development of the foliage area. In five days, the transmittance dropped from 33% (shading only by bare branches) to 9%. In the next three days, transmittance decreased to 3%. Further development of the leaf area was slower, and transmittance reached the stable value of 1.5% by the end of May (Fig. 2a ). Details of diurnal curves of PAR transmittance in the first days of foliage development are shown in Fig. 3 . This graph shows not only a gradual decrease in PAR transmittance with the foliage growth, but more importantly that the time of the day when measurements are taken also matters, since transmittance changes significantly during the day from its minima in the morning and evening to its maximum at noon. Increase in transmittance over the course of autumn was not as rapid as its decrease in the spring. Also, the variability among days, as well as among individual measuring points, increased as a result of the lower angle of sun elevation and of greater cloudiness (Fig. 2b ).
Stem growth increment and stem volume changes
Over the entire growing season (Fig. 4) , the highest stem increments (up to 2 mm in radius per year) was observed for the largest dominant trees, due to their faster initiation of growth at the beginning of May, as com- pared with co-dominant trees (Fig. 5b) . First, almost negligible stem shrinkage was visible on the band dendrometers on DOY 118, followed by dramatic stem shrinkage on DOY 119. The smallest stem diameter was measured on DOY 120 in dominant trees and on DOY 121 in co-dominant and suppressed trees; these diameters increased starting at DOY 121 and 122, respectively (Fig. 5b) . Stem radial growth corresponded with the beginning of cell expansion (E) estimated from xylogenetic analyses (DOY 120); however, the cambium was active (CA) before the beginning of radial growth, i.e., the mean date of onset of active cambium was DOY 110 (Fig. 4 ). Onset of cell wall thickening (W) was observed almost two weeks after the onset of cell wall expansion (DOY 132). The first fully lignified cells were developed seven weeks after the onset of the expansion phase. Maximum growth rates were observed in June, when the leaf area was fully developed. Stem radial growth and cambial activity ceased with the onset of the summer coloring phenological phase. Cambium was active for 14 weeks. After growth had ceased (ECA) at the end of July, there were several shrinkage events in August and September, due to drought periods and intervening replenishment of depleted stem water reserves (Fig. 4 ). There were no statistically significant differences (p > 0.05) in onset or cessation of cambial activity between dominant and co-dominant trees.
Sap flow
Tree sap began to flow on DOY 119 and ceased with leaf fall by the end of October (Fig. 6 ). The highest rates of sap flow relative to ETo were reached in June and July.
Sap flow almost disappeared at the onset of the 10% leaf fall phenophase. The ratio of sap flow (per unit of stem circumference) to the mean sap flow of all measured trees was higher in dominant trees than in co-dominant trees, though not significantly (p = 0.25). For each group of trees, these ratios did not show significant monthly variation over the period May to September (p = 0.78), with sap flow per unit of circumference in co-dominant trees ranging in individual months from 78 to 82% of the overall mean value and in dominant trees ranging from 117 to 121%. Sap flow was exponentially dependent on spring leaf area development and autumn shedding, expressed as changes in PAR transmittance. The relationship between ET/ ETo (ratio of stand sap flow to reference evapotranspiration) and PAR transmittance was best described by the equations (eqn. 5):
with R 2 = 0.99 in spring (DOY 117-125), and (eqn. 6):
with R 2 = 0.39 in autumn (DOY 245-305).
Discussion
Phenology
The beginning of bud break occurred 13 days later than the long-term average (DOY 104 ± 8 SD). It had apparently been delayed by a cold spring, in which the mean air temperatures did not ex-ceed 5 °C until DOY 101. However, extremely warm weather between DOY 101 and 117 enabled accumulation of the sum of effective temperatures of 98 °C, which was higher than the long-term average 53 ± 30°C , but still within the range 11-136 °C observed in the years 1991-2006 at the same site (Bednářová et al. 2010 ). The first few spring phenological stages (i.e., from bud break to first leaves 50 % occurred faster than in previous years (1991 , enabling the onsets of subsequent stages to be in accordance with their long-term averages. We did not find any significant difference in spring phenology between dominant and co-dominant trees (p = 1; 0.35 and 0.68 for bud break, first leaves 50% and first leaves 100%, respectively). Overall, the timing of the autumn phenological phases was also in accordance with the long-term averages (Bednářová & Merklová 2007 , Bednářová et al. 2010 . The exception was 10% autumn leaf coloring, which was five days later than the long-term average (Tab. 1). Even though the mean air temperature at the site was 1.3 °C higher than the long-term average for years 1960-1990, the temperature sum from the beginning of the year to 100% leaf fall (1973 °C in the year of study) was not significantly higher than the 1858 ± 258 °C in the years 1991-2006, confirming the warming trend at the site (Bednářová et al. 2010 ). The study year was also dryer by 165 mm of precipitation than the long-term average, resulting in several episodes of soil drought (Fig. 1c) . Although soil drought probably had some effect on the onset of summer leaf coloring, as discussed later, the timing of phenological stages remain unaffected. This challenges the hypothesis of Backes & Leuschner (2000) regarding the drought sensitivity of European beech, at least in terms of phenology.
PAR transmittance
Transmittance of PAR through beech canopy decreased during the initial stages of leaf development, as was generally predicted by the Lambert-Beer law (Vose et al. 1995 , Hardy et al. 2004 . During the day, PAR transmittance varied as the sun elevation angle changed (Fig. 3) . This supports the contention of Hassika & Berbigier (1998) and analyses of Kučera et al. (2002) that continuous PAR measurements or at least several measurements per day are necessary. Increase in transmittance in the autumn was not as rapid as its decrease in the spring (Fig. 2) . Also variability among the days as well as among the individual measuring points grew up as a result of lower sun elevation angle and higher cloudiness. Since transmitted PAR is negatively correlated with leaf area, utilization of PAR sensors increases objectivity of estimation of changes in leaf area.
Stem growth increment and stem volume changes
In the context of this study, we used stem circumference changes as a proxy for the assessment of two separate phenomena. The first is cambial activity and actual stem radial growth. The second is tree water potential. The fact that the first stem shrinkage was visible on the band dendrometers on DOY 118 confirmed that dendrometers are sensitive indicators of stem water potential (Cochard 2001 , Drew & Downes 2009 , Holtta et al. 2010 , Ježík et al. 2014 in the transition period between sap flow from root pressure and from foliage-induced negative force. The dramatic stem shrinkage on DOY 119 without overnight refilling -due in part to night transpiration arising from rather high nighttime vapor pressure deficit and in part to probable natural shift from positive to negative xylem pressure (Kozlowski & Pallardy 1997 , Steppe et al. 2008 ) -indicated further decrease in the stem water potential as a result of transpiration.
Stem radial growth started with bud burst, according to previous studies for diffuse-porous species (Suzuki et al. 1996 , Michelot et al. 2012 . The date of the beginning of radial growth was the same when estimated from microcores as from dendrometers, unlike in conifers (Mäkinen et al. 2008) . Stem enlargement from cell division and expansion was counteracted by stem shrinkage due to withdrawal of water from elastic tissues in this growth phase , Čermák et al. 2007 , Holtta et al. 2010 . Therefore, it was impossible to identify the exact beginning of cambial activity and xylem cell expansion based on the dendrometer measurements. Moreover, assessment of cambial activity is strongly dependent on the method used. For example, Prislan et al. (2011) compared determinations of European beech cambial zone activity using observations made with light microscopy (LM), a standard tool used in xylogenesis studies, and transmission electron microscopy (TEM). Because the use of TEM for this purpose involves observation of different indicators, it enables the beginning of cambial activity to be identified a month earlier than by LM.
The timing and length of specific stages of xylem formation were in general accordance with European beech stands at sites with similar conditions in Europe. Prislan et al. (2011) showed that timing of cambial activity in European beech depends on the altitude. The length of cambial activity at our site (14 weeks at the altitude of 600 m a.s.l.) was similar to that observed by the above authors at their lower site in Slovenian mountains (16 weeks, 400 m a.s.l.). Cell division at our site started in the second half of April, which coincided with the development of the first leaves. This synchronization of the onset cambial cell activity with leaf unfolding is consistent with the beech study by Čufar et al. (2008) . We found the most important month for tree ring formation was June, with maximum growth rates observed in the first half of this month, when the leaf area was fully developed. Similarly, Čufar et al. (2008) observed maximum weekly production approximately in the first week of June in Slovenia at 400 m a.s.l. However, Vavrčík et al. (2013) described maximum daily rates of wood production in European beech in the Czech Republic, at the same altitude as our study, in the second half of June 2010. This difference may be ascribed to the influence of specific weather and stand conditions on wood formation processes.
Sap flow
At the beginning of the growing season, sap flow was limited by leaf area and stomatal development and probably also by incomplete xylem growth-ring formation. Afterward, in June, when the leaves were expanded and soil water availability was not limited, it reached its maximum. However, at the end of July, sap flow levels decreased (simultaneous with the onset of summer leaf coloring) and did not recover even after rain events in August. Possible reasons for this include cavitation-based loss of xylem hydraulic conductivity in stem and leaves (Whitehead 1998 , Leuschner et al. 2001 , Ogasa et al. 2010 , changes in stomatal conductance and loss of fine roots. Sap flow almost disappeared at the 10-25% leaf fall phenophase. Even though the remaining leaf area was high, the structural changes (i.e., formation of the suberin layer at the twig/ leaf interface) and less favorable weather lessened the sap flow to negligible levels.
Linking of phenology and ecophysiology
Spring is the period with the most rapid changes for trees, which have to activate metabolic processes, build (and repair) water-conducting pathways and develop photosynthetically active surfaces (Lemoine et al. 2002 , Pallardy 2008 . Only some aspects of such internal processes are directly visible on a tree. Phenology consists of a rather arbitrary and qualitative assessment of these external symptoms of seasonal tree development, whereas instrumental ecophysiological measurements provide quantitative information on particular aspects of tree life processes. Linking these two approaches may provide invaluable insight into the tree seasonal behavior.
Phenological and ecophysiological observations can complement each other, as they provide different information, with different resolution. According to phenological observations, bud burst occurred on DOY 117. This process was not visible in the PAR measurements, and xylem water flow (if any) was beyond the resolution of the sap flow sensors. Very small amounts of stem shrinkage were visible in trees on the band dendrometers on DOY 118, which was the first indication given by instrumental methods that trees began to grow. The first statistically significant change in canopy transmittance occurred with the 50% first leaves stage on DOY 119. The same day, in the afternoon, the first measurable sap flow appeared ( Fig. 5c ). Observations of xylogenesis phases based on microcoring showed that the beginning of cell expansion occurred on DOY 120 (Fig. 4) . The aforementioned facts suggest that for the precise indication of budburst, phenological observations are still irreplaceable. However, ecophysiological methods provide valuable information on later spring phenological stages, as well as on leaf development occurring within a few days after bud break.
The end of cambial activity occurred on DOY 208, shortly before the onset of summer coloring on DOY 212 (Tab. 1). It followed the short episode of soil drought at the end of July and was associated with a decrease in sap flow. Sap flow did not recover even after soil water had recharged at the beginning of August. Autumn phenological phases (including summer coloring) usually take much longer than spring phases. Given the considerable decreases in the values of external factors driving water vaporization (i.e., global radiation energy, air temperature and vapor pressure deficit) over the long time period comprising all the autumn phases, sap flow may be used for identification of the individual autumn phenological pha-ses only with difficulty. In our study, the loss of sap flow in the late autumn was better correlated with the degree of leaf yellowing than with the actual decrease in leaf area. The end of the vegetation season was also reflected in stem volume changes. After growth cessation, which occurred simultaneously with the summer leaf coloring, stem size changes followed those in water potential (i.e., shrinkage resulted from sap flow and swelling came from water refilling). During October, after termination of foliage activity, stems of all the studied trees continuously increased their diameters due to refilling of stem elastic tissues with water (Fig.  4) . The autumn phenological phases were better reflected in light transmittance. Recognition of the first phase (summer coloring) was, however, beyond the capabilities of the PAR sensors. Leaf coloring and defoliation were continuous, long-term processes. Therefore, no abrupt changes appeared in light transmittance. Nevertheless, even the 10% leaf coloring resulted in an increased variability in the transmitted light. Later, 5% and 10% leaf fall resulted in the statistically significant increase in the transmitted light (p<0.05). Light transmittance at 50% leaf fall reached the same levels as in the spring, before leaf flush. Different sun elevation angles between the beginning and the end of the growing season enabled the same transmittance to be produced by different leaf areas. In the case of xylogenesis, only the end of maturation (DOY 247) could be correlated with first autumn phenological phase -leaf coloring 10% (DOY 257).
Conclusions
Phenology in deciduous tree species is tightly linked to ecophysiological processes. The beginning of cambial activity and the start of cell expansion occur with bud burst in European beech. The end of stem radial growth comes with the onset of summer leaf coloring. Measurements of PAR transmittance, stem volume changes, xylem formation and sap flow provided valuable additional information on the tree physiological states associated with the phenological phases and their transitions. Spring and autumn phenological phases differed in their dynamics (i.e., development of leaf area in spring was much faster than the loss of the leaves in autumn) as well as in absolute values of transpiration (which was lower per unit of leaf area in the autumn, due to lower evapotranspirative demands of the atmosphere) and stem volume changes.
Of the methods employed (sap flow, dendrometers, microcoring, light transmittance), PAR and dendrometer measurements were the easiest to use and allowed the simplest data evaluation. Therefore, we recommend complementing phenological observations with those measurements where possible. Moreover, modern techniques that enable remote data transfer from forest sites provide valuable tools to increase effectiveness of studies of phenological stages (minimizing the number of visits to the forest). Ecophysiological measurements alone, however, cannot provide accurate information about the onset of all of the phenophases, with the exception of bud break.
